A protein complex is assembled in a step-wise manner at the apical pole of Drosophila neuroblasts. This complex organises the apical-basal polarity of asymmetrically dividing neuroblasts, and may act via G-protein signalling.
When a cell divides, it most often produces two identical sister cells. In some cases, however, the two sister cells are born different, as they each inherit from their mother a unique developmental potential. In these cases, the division is said to be asymmetric. Asymmetric cell divisions generally involve the unequal segregation of cell-fate determinants, which localise to one pole of the mitotic cell. The polar distribution of these determinants reflects an intrinsically asymmetric cellular organisation, or cell polarity. The asymmetric segregation of cell-fate determinants into one of the two daughter cells also relies on the alignment of the mitotic spindle along this polarity axis. This simple description of asymmetric cell divisions raises two fundamental issues. First, how does a cell establish and orient an axis of polarity? And second, how do cell-fate determinants become localised at one pole of this axis? In Drosophila embryos, a limited number of genes have been identified that are involved in regulating the accumulation of cell-fate determinants at the basal pole of neural precursor cells (neuroblasts), and in positioning the mitotic spindle along the cell's apical-basal axis. Two groups [1, 2] have now discovered another player in this processPartner of Inscuteable (Pins); intriguingly, as Schaefer et al. [2] report elsewhere in this issue of Current Biology, work on Pins has also brought G-protein signalling into the picture.
The central nervous system of the Drosophila embryo arises by the singling out of individual neuroblasts from a polarised, monolayered neuroepithelium. The selection of neuroblasts is accompanied by cell-shape changes, which occur as the neuroblasts lose contact with neighbouring epithelial cells and delaminate from the epithelium. Following delamination, the neuroblasts divide in a stemcell-like fashion to produce a larger apical neuroblast and a smaller, basal ganglion mother cell. The ganglion mother cell in turn divides once more to produce two neurons. During neuroblast division, several proteins localise asymmetrically ( Figure 1 ). First, prior to mitosis, Prospero, a transcription factor, and Miranda, an adaptor protein that binds Prospero, localise to the apical cortex. At the onset of mitosis, Prospero and Miranda redistribute to the basal cortex by an unknown mechanism [3] [4] [5] [6] [7] . Second, two cortical proteins, Numb, an inhibitor of Notch signalling, and Partner of Numb (PON), an adaptor protein that binds Numb, localise into a basal crescent at metaphase [6, 8, 9] . The polar distribution of these determinants reflects the neuroblast apical-basal polarity. At late prophase, the neuroblast spindle forms parallel to the plane of the epithelium, then rotates by 90° during metaphase to a position along the apical-basal axis of the cell [10] . Rotation of the spindle allows for the specific segregation of the basal determinants into the smaller ganglion mother cell. By contrast, no spindle rotation is observed in the overlying epithelial cells, which consequently divide within the plane of the epithelium.
Rotation of the spindle and basal localisation of the determinants are regulated by Inscuteable, a protein with no overall homology to any known protein [10, 11] . The inscuteable gene is expressed in neuroblasts, but not in epithelial cells that do not delaminate. The Inscuteable protein localises at the apical stalk of delaminating neuroblasts and forms an apical crescent at the cell cortex in delaminated neuroblasts. Inscuteable remains localised at the apical cortex throughout neuroblast division until anaphase, when it becomes non-detectable. Loss of inscuteable activity results in incomplete spindle rotation at metaphase and in randomly oriented neuroblast division. While Numb, PON, Prospero and Miranda are still asymmetrically localised in most inscuteable mutant neuroblasts, the protein crescents are found at random positions which do not always correlate with the orientation of the mitotic spindle. This indicates that Inscuteable is required not to establish cell polarity, but rather to regulate its orientation. Furthermore, the ectopic expression of Inscuteable in epithelial cells, which do not rotate their spindle and divide within the plane of the epithelium, leads to the reorientation of the mitotic spindle along the cell apical-basal axis [11] . Thus, Inscuteable is both necessary and sufficient to direct apical-basal polarity during asymmetric neuroblast division. How is Inscuteable localised at the apical cell cortex? And how does it regulate mitotic spindle rotation and basal distribution of determinants in dividing neuroblasts?
The Bazooka protein participates in the formation of junctional complexes and the generation of apical-basal polarity in epithelial cells, and is encoded by the fly homolog of the Caenorhabditis elegans gene par-3, which regulates polarity in the one-cell nematode embryo [12] . In Drosophila neuroblasts, Bazooka appears to provide an apical cue for the localisation of Inscuteable (Figure 1) [13,14] . First, Bazooka colocalises with Inscuteable in the apical stalk of delaminating neuroblasts, and during mitosis the two proteins colocalise at the apical cortex until anaphase, when they become non-detectable. Second, Bazooka has been shown to bind directly to Inscuteable. And last, Inscuteable was found to be cytoplasmic in bazooka mutant embryos, where the mitotic spindles are correspondingly misoriented. Furthermore, Bazooka is also required to initiate the asymmetric distribution of Miranda, Prospero and Numb at late interphase and/or metaphase. These observations indicate that Inscuteable needs to be asymmetrically localised to regulate neuroblast polarity, and that Bazooka is necessary to recruit Inscuteable to the apical neuroblast cortex. Because Bazooka is required for epithelial cell polarity, the apical Bazookacontaining complexes inherited by neuroblasts may serve as cortical marks required for neuroblast apical-basal polarity.
Deletion analyses of Inscuteable have indicated that a central domain, which mediates direct interaction with Bazooka, is both necessary and sufficient for all known aspects of the protein's function and localisation [15, 16] . To investigate further how Inscuteable directs apical -basal polarity, attempts were made to identify other proteins that interact with this central domain [1, 2] . Two approaches were used, yeast two-hybrid screening and immunoprecipitation coupled to mass spectrometry, which converged in the identification of a novel protein that was dubbed Partner of Inscuteable (Pins). Pins is present in both epithelial cells and neuroblasts. In epithelial cells, Pins is uniformly distributed at the cortex, and no sign of polarised distribution can be seen. In neuroblasts, however, Pins colocalises with Inscuteable and Bazooka. Low levels of Pins are first seen in the stalk of delaminating neuroblasts. Following delamination, Pins, Inscuteable and Bazooka colocalise in an apical crescent through mitosis until anaphase, when all three proteins become non-detectable. The localisation of Pins depends on both Bazooka and Inscuteable; lack of bazooka or inscuteable activity results in uniform localisation of Pins at the neuroblast cortex. Conversely, ectopic accumulation of Inscuteable in epithelial cells results in the apical recruitment of endogenous Pins.
Although the localisation of Pins depends on both Bazooka and Inscuteable, analysis of pins mutant embryos shows that Pins is not required for the initial localisation of Inscuteable in the apical stalk of delaminating neuroblasts. The initial localisation of Inscuteable in the apical stalk thus depends on Bazooka but not on Pins. Following neuroblast delamination, however, Pins is required for the correct localisation of both Bazooka and Inscuteable. Inscuteable is mostly cytoplasmic in pins mutant neuroblasts, and, similarly, the Bazooka crescent does not appear to be maintained at the onset of mitosis in pins mutant embryos. Consistent with these localisation defects, mitotic spindles are misoriented in pins mutant embryos, and the proteins Numb, PON and Miranda do not properly localise at the basal cortex in most neuroblasts. These observations indicate that the localisation of Bazooka, Inscuteable and Pins at the apical cortex of delaminated neuroblasts are mutually dependent. Thus, a hierarchy in complex assembly and protein localisation may be proposed. In the first step, Bazooka would localise Inscuteable to the apical cortex of delaminating R266 Current Biology Vol 10 No 7
Figure 1
The delamination of a neuroblast from a neuroepithelium monolayer, followed by asymmetric division to generate a daughter neuroblast and a ganglion mother cell. A number of proteins involved in this process have been identified, and their analysis has led to the following scheme. In step 1, Bazooka localises to the apical end of polarised epithelial cells. In step 2, Inscuteable and Pins are sequentially recruited by Bazooka to the apical stalk of delaminating neuroblasts. In step 3, Bazooka and Inscuteable recruit Miranda and Prospero to the apical pole. In step 4, Bazooka, Inscuteable and Pins come to depend on each other for their apical localisation; cell-fate determinants relocalise to the basal pole; and Inscuteable directs spindle rotation. In step 5, the BazookaInscuteable-Pins complex disassembles and the cell-fate determinants are unequally segregated into the basal ganglion mother cell. Arrows indicate centrosome movement during separation and spindle rotation.
neuroblasts. In the second step, Inscuteable would recruit Pins. Following neuroblast delamination, the proposed complex containing Bazooka, Inscuteable and Pins would be maintained at the apical cortex. Finally, at anaphase, the complex would disassemble.
A major question concerns the activity of this complex: how does it organise neuroblast polarity? The sequence of Pins provided a first clue. Pins is a 70 kDa protein, with seven tetratricopeptide repeats that mediate direct interaction with Inscuteable, and three 'GoLoco' motifs. GoLoco is a 19 amino-acid motif present in proteins that bind Gα 0 and Gα i subunits and may be a novel Gα-binding motif. It has been suggested that proteins with GoLoco domains might aggregate and activate GDP-bound Gα subunits [17] . Pins is most similar to the human LGN protein, which was isolated as a Gα i2 and Gα 0 binding partner in yeast two-hybrid screens. The second clue has come from the identification by mass spectrometry of a Gα protein among the proteins immunoprecipitated using the central domain of Inscuteable as a bait [2] . Furthermore, Pins was shown to bind in vitro to both Gα 047A and Gα i65A proteins -two candidate Pins partners that could not be distinguished by mass spectrometry. Together, these data suggest that Inscuteable may act by recruiting Gα signalling proteins via Pins. But whether Gα proteins indeed regulate neuroblast polarity during asymmetric divisions remain to be investigated.
The possible involvement of heterotrimeric G-protein signalling in the regulation of neuroblast polarity during asymmetric division in Drosophila is of tremendous interest. Indeed, a convergence is emerging from various studies on signal-induced polarity in yeast, amoebae and leukocytes showing that oriented cell migration, reorganisation of the actin cytoskeleton and asymmetric distribution of cortical proteins depend on signalling by heterotrimeric G proteins [18] [19] [20] . Upon activation of seven-transmembrane receptors, the G-protein complex dissociates into a Gα subunit and a Gβγ complex, which in turn bind and activate target enzymes generating intracellular messengers. In yeast, activated Gβγ dimers promote the formation of a protein complex that includes a regulator of microfilament dynamics, the Cdc42 Rho-related GTPase. During chemotaxis in leukocytes, the Gβγ complex binds to and activates the p110γ subunit of phosphatidylinositol 3-kinase (PI 3-kinase), which converts the membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PIP 2 ) into phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ). PIP 3 can in turn act as a docking site for proteins containing a pleckstrin homology (PH) domain. These studies illustrate how signalling by G proteins can reorganise the actin cytoskeleton and target key regulators at a defined site.
Signalling by heterotrimeric G proteins usually requires activation by a seven-transmembrane receptor. The apical distribution of Pins might therefore serve to increase locally the efficiency of signalling by uniformly activated seven-transmembrane receptors. But the evidence for an extracellular signal and for a receptor that regulates neuroblast polarity is, so far, lacking. It is therefore tempting to speculate that Pins might promote the dissociation and activation of heterotrimeric G proteins in a receptorindependent manner. Future studies will no doubt tell us if G-protein signalling is indeed activated at the apical pole by the Bazooka-Inscuteable-Pins complex.
